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Here, we report a systematic study on the Hall-effect of the semi-metallic state of bulk MoTe2,
which was recently claimed to be a candidate for a novel type of Weyl semi-metallic state. The
temperature (T ) dependence of the carrier densities and of their mobilities, as estimated from a
numerical analysis based on the isotropic two-carrier model, indicates that its exceedingly large and
non-saturating magnetoresistance may be attributed to a near perfect compensation between the
densities of electrons and holes at low temperatures. A sudden increase in hole density, with a
concomitant rapid increase in the electron mobility below T ∼ 40 K, leads to comparable densities
of electrons and holes at low temperatures suggesting a possible electronic phase-transition around
this temperature.
A Weyl semi-metal (WSM)1–5 is a topological semi-
metallic state with low energy excitations whose elec-
tronic bands disperse linearly along the three dimensional
momentum space from a node called a Weyl point. Their
existence is associated with the lack of time-reversal or
inversion symmetry. These Weyl points act as topolog-
ical charges that means as sources and drains of Berry
phase. These compounds are often characterized by
anomalous transport properties or the existence of sur-
face states1,2,4,5. For example, they frequently exhibit ex-
tremely large magnetoresistance3 (MR) which surpasses
by far the one observed in thin metallic films displaying
the giant magnetoresistive effect, or the magnitude of the
MR observed in Cr-based chalcogenide spinels or in Mn-
based pervoskites6–8. In the past, materials displaying
large MR attracted a lot of attention due to their po-
tential for applications in engineering or in information
technology either as sensitive magnetic sensors or, for in-
stance, as the basic elements in magnetic random access
memories9,10.
WTe2, MoTe2 and their alloys W1−xMoxTe2 were in-
troduced as candidates for a novel type of Weyl semi-
metallic state called Weyl type-II11,12. Distinct from the
previously discussed type-I WSMs (e.g. TaAs, NbAs,
NbP, TaP), which are characterized by pairs of linearly
dispersing touching points between the valence and the
conduction bands, the Weyl points in type-II WSMs re-
sult from linear touching points at the boundary between
electron and hole pockets. The transport properties of
these type-II WSM candidates have attracted consider-
able attention due to the observation of extremely large
and non-saturating MR in WTe2
13–15 and in MoTe2
16–19.
The coexistence of electron and hole pockets of approx-
imately the same size was observed in WTe2 by angle-
resolved photo-emission spectroscopy (ARPES)20,21, sug-
gesting near perfect carrier compensation at low temper-
atures. Perfect carrier compensation was claimed13 to
be responsible for the magnetoresistivity of WTe2. This
is partially supported by the geometry of the Fermi sur-
face extracted from Shubnikov de Haas (SdH) quantum
oscillations22, and by a two-band analysis of the Hall-
effect23. Nevertheless, the two-carrier analysis of the
Hall-effect indicates that the fraction of holes is ∼ 0.9
times that of electrons, contradicting the claims of Ref.
13 of near perfect carrier compensation in WTe2.
Our study focuses on MoTe2, the sister compound of
WTe2. MoTe2 is a layered transition metal dichalco-
genide which can crystallize into two different struc-
tures: the 2H or the hexagonal α-phase24, and the 1T ′
or the monoclinic β-phase24 which undergoes a struc-
tural phase-transition below 240 K into an orthorhombic
phase frequently referred to as the Td-phase
25. Through-
out this manuscript we will refer to this low temperature
orthorhombic phase of MoTe2 as the γ−phase or simply
as γ−MoTe2
25. The 2H phase is semiconducting with
the Mo atoms being trigonal-prismatically coordinated
by Te atoms forming stacked layers which couple through
a weak, or a van der Waals like interaction. The β
phase crystallizes in a monoclinic space group while the γ
phase has the aforementioned orthorhombic structure26.
In contrast, WTe2 is known to crystallize only in an or-
thorhombic phase with a structure which is akin to that
of γ−MoTe2
25.
Currently, γ−MoTe2 is attracting a lot of interest
due to its extremely large magnetoresistivity14, the ob-
servation of pressure-driven superconductivity27, and
the aforementioned prediction for a Weyl type-II semi-
metallic state11,28. Recent ARPES measurements29–33
claim to observe Fermi arcs at the surface of γ−MoTe2
and to uncover a bulk electronic structure in broad agree-
ment with the band structure calculations, and conse-
quently with the predicted type-II WSM state in this
system. The observation of a non-trivial Berry phase
through quantum oscillatory phenomena indicates that
its electronic structure is indeed topological although it
reveals a Fermi surface topography markedly distinct
from the calculated one19. Furthermore, the observa-
tion of superconductivity in γ−MoTe2 at ambient pres-
sure, with an impurity-dependent transition tempera-
ture, points towards an unconventional and probably
topological superconducting state19. Therefore, under-
standing the electronic structure of γ−MoTe2 is a critical
step towards clarifying its topological nature, the prop-
erties of its superconducting state, and the mechanism
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FIG. 1. (a) Longitudinal resistivity ρxx of semi-metallic MoTe2 under zero magnetic field and as a function of the temperature.
A hysteretic anomaly is observed around ∼ 240 K, which is associated with the transition from the monoclinic 1T ′ to the
orthorhombic Td structure. Upper inset: fit of ρxx(T ) to a combination of Fermi liquid and electron-phonon scattering mecha-
nisms. Lower inset: ρxx(T ) in a logarithmic scale indicating a resistivity ratio RRR = 1064. (b) and (c) ρxx and ρxy as functions
of µ0H at T = 2 K, respectively. (d) SdH oscillations as extracted from the ρxx of a second sample as a function of (µ0H)
−1
at T = 2 K. Bottom inset: Fourier transform of the oscillatory signal. Top inset: ρxx as a function of (µ0H)
2. Red-dashed
line is a linear fit. (e) ρxx in a logarithmic scale as a function of T under various magnetic fields applied perpendicularly to
the electrical current. ρxx shows a minimum at T
∗ as indicated by the red arrow. Inset: T ∗ as a function of µ0H indicating a
linear dependence in field.
leading to its enormous magnetoresistivity. Here, we in-
vestigated the electronic structure of γ−MoTe2 through
a systematic temperature dependent study of the Hall-
effect in high-quality γ−MoTe2 single-crystals. Our goal
is to determine fundamental electrical transport vari-
ables such as the density of carriers and their mobili-
ties as well as their evolution as a function of the tem-
perature. Knowledge about these variables is crucial
for understanding the electronic structure of this com-
pound and for clarifying whether near perfect charge
compensation, which is claimed to lead to the enor-
mous magnetoresistivity13 of WTe2, is pertinent also to
γ−MoTe2.
Single-crystals of MoTe2 were grown at temperatures
above 900 ◦C via a flux method using excess Te19. The
magnetic field dependence of the longitudinal resistiv-
ity ρxx and of the hall resistivity ρxy = VHt/Ixx, where
VH , t and Ixx are the Hall voltage, sample thickness,
and electrical current respectively, were measured un-
der magnetic fields up to H = 9 T and under temper-
atures ranging from T = 2 K to 100 K. Measurements
were performed in a Quantum Design Physical Properties
Measurement System using a conventional four-terminal
configuration when measuring the resistivity, or a six-
wire one when studying the Hall-effect. The electrical
current was applied along the crystallographic a−axis.
Any mixture of ρxx and ρxy was corrected by reversing
the direction of the applied magnetic field: ρxy is deter-
mined by subtracting the negative field trace from the
positive field one. A careful fitting of the Hall conductiv-
ity σxy = −ρxy/(ρ
2
xy + ρ
2
xx) and of the longitudinal con-
ductivity σxx = ρxx/(ρ
2
xy+ρ
2
xx) based on the two-carrier
model13, yields the densities and mobilities of both elec-
trons and holes as a function of the temperature. As we
discuss below, we observe an excellent agreement between
our experimental data and the two-carrier model partic-
ularly at low temperatures confirming the coexistence of
electrons and holes in γ−MoTe2. A sharp change in car-
rier densities is observed at temperatures between 30 and
70 K indicating a possible electronic phase-transition.
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FIG. 2. (a) Hall resistivity of a γ−MoTe2 single-crystal as a
function of the field µ0H and for several temperatures ranging
from T = 2 K to 90 K. A negative Hall resistivity indicates
that electrons dominate the transport at all temperatures. (b)
Longitudinal resistivity ρxx as a function of µ0H and for the
same temperatures.
The density of holes increases dramatically below ∼ 40
K, reaching parity with the electron density below ∼ 15
K. Therefore, near perfect charge-carrier compensation
is an important ingredient for the colossal magnetoresis-
tivity observed in γ−MoTe2 at low temperatures.
Figure 1 (a) displays ρxx measured under zero mag-
netic field as a function of the temperature, with T rang-
ing from 2 to 300 K. For this particular crystal one ob-
tains a residual resistivity ratio RRR ≡ ρ(300K)/ρ(2K)
= 1064, which is nearly one order of magnitude larger
than previously reported values14,16,18,27. The observed
hysteresis around 250 K between the warm-up and the
cool-down curves is associated with the structural phase-
transition from the monoclinic 1T ′ to the orthorhombic
Td structure. The upper inset displays a fit of ρxx(T ) to
a combination of Fermi liquid and electron-phonon scat-
tering mechanisms, or a fit to ρxx(T ) = ρ0 + aT
2 + bT 5
where ρ0 = ρ(T = 0 K) with a and b being fitting pa-
rameters. Figures 1 (b) and 1 (c) display the magnetic
field dependence of both ρxx and ρxy, respectively. ρxx
follows a nearly quadratic dependence on magnetic field
showing no signs of saturation. The resulting MR ratio
∆MR ≡ [ρxx(9 T)− ρxx(0 T)] /ρxx(0 T) reaches 74791
% at 2 K, which is the highest value reported so far for
γ−MoTe2 under µ0H = 9 T
14,16,27. In Ref. 19 we include
measurements up to H = 65 T in a lower quality crys-
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FIG. 3. Components of the conductivity tensor, i.e σxy and
σxx in panels (a) and (b) respectively, as functions of the
the magnetic field for temperatures ranging from 2 to 90 K.
Open circles represent experimental data and red solid lines
the fitting curves based on the two-carrier model.
tal, which reveals a non-saturating ∆MR > 106 %. As
seen in Figs. 1(b) and 1(c), Shubnikov de Haas (SdH) os-
cillations are observed in both ρxx(µ0H) and ρxy(µ0H),
respectively. Figure 1(d) shows the SdH oscillations su-
perimposed onto the ρxx trace taken at T = 2 K from a
sample with a RRR of approximately 1900 and a ∆MR ∼
265340 % at 9 T. ρxx follows a near (µ0H)
2 dependence
as seen in the inset. Two frequencies α = 231 T and β =
242 T are extracted from the Fast Fourier Transform of
the oscillatory signal (bottom inset). A detailed analysis
of the SdH effect can be found in Ref. 19. The temper-
ature dependence of ρxx under several magnetic fields is
shown in Fig. 1(e). The observed behavior is similar to
the one displayed by WTe2. Namely, under a magnetic
field ρxx(T ) essentially follows the zero-field curve until
it reaches a minimum at a field dependent temperature
T ∗. Below T ∗, ρxx increases rapidly upon cooling. With
increasing fields T ∗ shifts to higher temperatures at a
rate of 2.01 K/T.
Figure 2 displays ρxy and ρxx as functions of µ0H for
selected temperatures ranging from T = 2 K to 90 K.
Notice that ρxy remains nearly unchanged as the tem-
perature increases from 2 to 15 K. Its negative sign indi-
cates that the electronic transport is dominated by elec-
trons, or that the electrons have higher mobilities than
the holes. Below ∼ 20 K, as well as above 70 K, ρxy fol-
lows a linear dependence on µ0H for fields up to µ0H = 9
4FIG. 4. (a) Density of electrons ne and density of holes nh extracted from the two-carrier model analysis of σxy. (b) Carrier
mobility µe and µh as a function of temperature deducted from σxy (main panel) and from σxx(inset). (c) Density ratio and
(d) mobility ratio between holes and electrons as a function of T . (e) Hall resistivity as a function of T at various fields. A
charge decrease in σxy is indicated by the red arrow.
T. Between 20 and 70 K, the Hall resistivity shows non-
linear behavior, particularly at low fields, which is a clear
indication for electrical conduction by both types of car-
riers. ρxx on the other hand, shows a quadratic field
dependence below T ∼ 45 K which becomes linear at
higher temperatures.
Subsequently, we analyze the Hall response through
the isotropic two-carrier model which was successfully
used to describe the contributions of holes and elec-
trons to the electrical transport properties of a number
of compounds23,34–37. In this model, the conductivity
tensor, in its complex representation, is given by:13
σ = e
[
neµe
1 + iµeµ0H
+
nhµh
1− iµhµ0H
]
, (1)
Here, ne (or nh) and µe (or µh) are the densities of elec-
trons (or holes) and the mobilities of electrons (or holes),
respectively. To appropriately evaluate the carrier den-
sities and their mobilities, we obtained the Hall conduc-
tivity σxy and the longitudinal conductivity σxx from the
original experimental data, as previously defined, and as
shown in Figs. 3 (a) and 3 (b).
In the next step we fit σxy and σxx to the two-carrier
model, where the field dependence of the conductivity
tensor is given by3,36,37
σxy =
[
neµ
2
e
1
1 + (µeµ0H)2
− nhµ
2
h
1
1 + (µhµ0H)2
]
eµ0H,
(2)
σxx =
neeµe
1 + (µeµ0H)2
+
nheµh
1 + (µhµ0H)2
. (3)
The results of the fittings of σxy and σxx to Eqs.(2) and
(3) are displayed in Figs. 3 (a) and 3 (b), respectively.
The parameters resulting from our fittings can be found
in the Supplemental Material38. The excellent agreement
between our experimental data and the fittings to the
two-carrier model, over a broad range of temperatures
(see Fig. 3), confirms the coexistence of electrons and
holes in γ−MoTe2.
The densities and mobilities of electrons and holes, as
extracted from the fits of σxy (as well as σxx) to the two-
carrier model, are displayed in Figs. 4 (a) and 4 (b). The
parameters extracted from σxy and σxx are close in value
over a broad range of temperatures, particularly in what
concerns the mobility, as illustrated by Fig. 4 (b) and
its inset. In Fig. 4 (a) notice the drastic increase in nh
as T is reduced below ∼ 40 K while ne remains nearly
constant. At low-temperatures, the densities of electrons
and holes become comparable while the mobility of the
electrons becomes slightly higher than that of the holes.
5An equal concentration of electrons and holes is consis-
tent with the observation of a linear Hall resistivity below
∼ 20 K. Figure 4 (b) presents electron and hole mobil-
ities as extracted from either σxy or σxx (inset). Both
µe and µh increase dramatically, i.e. by one order of
magnitude, as T decreases below ∼ 40 K. At T = 2 K,
the extracted mobilities are µe ∼ 5.8 × 10
4 cm2/Vs and
µh ∼ 1.6 × 10
4 cm2/Vs. At T = 2 K the Hall mobil-
ity, or the ratio between the Hall constant as extracted
from a linear fit of the Hall-effect and the resistivity, is
µH ∼ 2.3×10
4 cm2/Vs, which is comparable to the values
extracted from the two-carrier model, see Supplemental
Material38. The extracted ratio between carrier densi-
ties nh/ne, and the ratio between carrier mobilities, or
µh/µe are displayed in Figs. 4 (c) and 4 (d), respec-
tively. nh/ne ≃ 1 for temperatures below T ≃ 40 K
but it decreases quickly as T increases beyond this value.
The mobility ratio indicates that the hole-mobility con-
siderably exceeds the electron one at high temperatures.
Finally, Fig. 4 (e) shows the Hall resistivity ρxy as a func-
tion of T under magnetic fields ranging from µ0H = 1
to 9 T. Below a field-dependent temperature T neg, ρxy
shows a pronounced decrement towards negative values.
It turns out that below T neg one observes a sharp increase
in the mobilities of both carriers and in the density ratio
nh/ne. These observations, coupled to an anomaly seen
in the heat capacity19 around these temperatures, sug-
gest a possible electronic phase-transition analogous to
the T -dependent Lifshitz transition39 reported for WTe2.
In summary, our results indicate the coexistence of
electrons and holes in γ−MoTe2, with the density of holes
increasing dramatically below ∼ 40 K and finally reach-
ing parity with the electron one below ∼ 15 K. An equal
density of electrons and holes is consistent with the obser-
vation of a linear Hall-resistivity below T = 20 K which
implies that γ−MoTe2 is in fact better compensated than
WTe2
15,23 whose Hall resistivity becomes non-linear at
low temperatures. Hence, the extremely large and non-
saturating magnetoresistance seen in γ−MoTe2 should
be primarily ascribed to the nearly perfect compensa-
tion between the densities of electrons and holes. The
analysis of the Hall-effect through the two-carrier model
yields high electron- and hole-mobilities, that is exceed-
ing 104cm2/Vs at T = 2 K. Anomalies observed in the
carrier densities, carrier mobilities, and in the heat ca-
pacity as a function of the temperature, suggest an elec-
tronic crossover or perhaps a phase-transition occurring
between ∼ 30 K and ∼ 70 K, which is likely to lead
to the electron-hole compensation and hence to the ex-
tremely large magnetoresistivity seen in γ−MoTe2. It
is important to clarify the existence and the role of this
crossover, or phase-transition, since it is likely to affect
the electronic structure at the Fermi level of semi-metallic
MoTe2 and its predicted topological properties
11,12.
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